A major goal in the present era of genomics is to identify and functionally characterize all genes relevant to a specific pathway or biological process. With its powerful repertoire of genetic tools, the multicellular model organism Drosophila melanogaster has played an eminent role in this endeavor (1) . One method to identify relevant genes is to perform chemical mutagenesis screens of various kinds. Another very fruitful approach in Drosophila has been the use of P-element-mediated germ-line transformation (2, 3) , especially when combined with tools such as the Gal4/UAS expression system (4) or when it is used for insertional mutagenesis (5, 6) . One characteristic of P-elements is their random integration behavior. Although this ''randomness'' is advantageous for generating mutations and deletions, it is generally not ideal for transgene analysis. The random integration of P-elements necessitates considerable effort to map insertions. Genomic position effects complicate the analysis of transgenes and render precise structure/ function analyses nearly impossible. A further shortcoming of the P-element system is its relatively moderate transformation efficiency, a significant hurdle to any large-scale transgenesis effort.
Strategies have been developed to circumvent the problem of randomness by targeted integration systems in Drosophila, which are generally based on the FLP and Cre recombinases (7) (8) (9) 32) . Such techniques permit precise targeting to genomic landing sites but are still handicapped by transformation rates that are, at best, moderately higher than those achieved with the P-element system (8) . Furthermore, especially for FLP/FRT, these recombinase systems are often reserved for applications other than targeted integration, such as mosaic analysis (10) , and are thus not suited to be used concomitantly for transgene integration.
Recently, another genome integration method has been developed, based on the site-specific C31 integrase (11) , and has subsequently been applied to Drosophila (12) . The bacteriophage C31 encodes a serine integrase that mediates sequence-directed recombination between a bacterial attachment site (attB) and a phage attachment site (attP) (13) . Apart from the site-specificity, another feature of the C31 system is that the integrase solely mediates integration (13) , which distinguishes it from most other commonly used systems, such as Cre/loxP or FLP/FRT, where the recombinase can catalyze both the integration and the excision reactions.
Here we set out to bring the C31 system to a level of efficiency, convenience, and expandability that renders it suitable for largescale transgenesis approaches. In particular, we sought to make the system more robust by improving the delivery of the C31 integrase and to create a library of well characterized, highly efficient landing sites throughout the four major chromosomes of the Drosophila genome. These landing sites were designed so as to not interfere with commonly used markers and transposon systems, and to be manipulatable in vivo by the Cre/loxP and attP/attB systems. Different ''endogenous'' C31 integrase sources were generated and optimized to overcome the need of coinjecting capped, in vitro synthesized integrase mRNA. The combination of these tools allows for convenient and efficient site-specific germ-line transformation. Finally, we present the development of an integration system that utilizes an immediate visible readout for specific attP targeting and therefore should permit rapid selection for precise integration events.
Results
Design of a Versatile attP Landing Site. A landing site (referred to as M{3xP3-RFPattP}; Fig. 1a ) was constructed with the following features. (i) It contains an attP site, which serves as the docking site for any incoming attB-containing plasmid. (ii) As a marker, we chose the red fluorescent protein (RFP) driven by the artificial 3xP3 promoter, leading to strong RFP expression in the eyes (14) . RFP was chosen so as to not preclude the later use of the widespread markers yellow ϩ and white ϩ . (iii) The 3xP3-RFP cassette is flanked by loxP sites, allowing for the elimination of this marker via Cre recombinase-mediated excision. (iv) The 3xP3-RFPattP construct is flanked by inverted repeats of the Mos1 mariner element to allow mariner-mediated transgenesis, making the landing site refractory to the P-element and piggyBac transposases, thus permitting unrestricted use of multipurpose transposon systems in conjunction with this landing site.
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A Large Collection of attP Lines. Upon mariner-mediated germ-line transformation, 68 independent lines, designated as ''ZH-attP'' lines, were established (by screening the F 1 generation for eyespecific RFP expression). Genomic DNA samples of these lines were subjected to an inverse PCR assay to determine the exact genomic location of their transgene. BLAST-based comparisons of the inverse PCR sequences with the D. melanogaster genome sequence (Ensembl v41 database) revealed an unambiguous location in 64 cases, while four lines yielded several matches, indicating that their transgene integrated into repetitive elements. Of the 64 precisely mapped lines, 25 lines were chosen for being pursued further because they fulfilled two criteria: these 25 landing sites are homozygous viable and are intergenically located [ Fig. 1b and supporting information (SI) Table 4 ]. The accumulating genomics and proteomics data, however, may alter the assessment of the intergenic positioning and may therefore modify the number of these candidate lines.
Germ-Line-Specific Integrase Sources. A few of the ZH-attP lines were then selected for germ-line transformation with a specifically generated pUASTattB plasmid (Fig. 1c) carrying a lacZ reporter and a white ϩ marker gene. This plasmid was coinjected with capped mRNA encoding the C31 integrase. Adults obtained after injection were individually crossed with y w animals and their offspring were screened for white ϩ expression. We define the frequency of transgenesis (F trans ) as the fraction of fertile crosses that gave at least one white ϩ offspring. The ZH-attP-86Fb showed the highest F trans (25%), which exceeded those of the previously described landing site attP2 (12) , for which we have never reached values above 7% (data not shown). It also became clear, however, that the variable quality and stability of the capped, coinjected integrase mRNA poses a problem for reliably determining and comparing the F trans values of our attP lines and possibly also limit the efficiency of attB transgene integration.
To circumvent this problem and to facilitate the injection process, we sought to generate an ''endogenous'' source of the C31 integrase. To do this, we created a P-element that can express a C31 integrase under the control of the nanos regulatory elements. This construct also attaches a nuclear localization sequence (NLS) to the C terminus of the integrase, because previous reports in mammalian Chinese hamster ovary cells suggest that the adding of a C-terminal NLS substantially enhances integration frequency (15) . We obtained four independent P-element insertions and selected an insert on the X chromosome for further studies. Using this line, we were able to obtain substantially better integration frequencies than with the coinjected C31 integrase mRNA used previously [integration rates were up to 30% for the landing site attP2 of Groth et al. (12) ]. To optimize the integrase source further, we decided to modify various elements in the basic construct and determine how they affect integration frequencies. Two elements that were of particular interest to us were the promoters and the NLS. Therefore, constructs were assembled that express the C31 integrase (ϩ/Ϫ NLS) under the control of the regulatory elements of either the vasa or the nanos gene, including the promoter, 5Ј UTR, and 3Ј UTR sequences of these genes (Fig. 2a ). Regulatory elements of these genes are known to cause germ cell-specific expression, either by specifically directing zygotic transcription in these cells (vasa) (16) or by spatially regulating translation and stability of maternal mRNA, which leads to expression at the posterior of the embryo where germ cells form (nanos) (17) (18) (19) (20) (21) (22) (23) .
To compare these four constructs in a quantitative manner, it was imperative that they all be expressed from the same chromosomal context. We therefore made use of the attP/attB system. An attB site was introduced into the integrase constructs, allowing us to bring each of them to an identical position in the genome by using the same attP landing site for germ-line transformation. The constructs were tested in two locations: first at cytological position 86F of the third chromosome by employing line ZH-attP-86Fb (set-up I), and then at cytological position 102D of the fourth chromosome via ZH-attP-102D (set-up II) (Fig. 1b) . For set-up I, the four integrants on the third chromosome were made homozygous for a free attP landing site on the fourth chromosome (from ZH-attP-102D), whereas for set-up II, the four integrase insertions on the fourth chromosome were made homozygous for a free attP site on the third chromosome (from ZH-attP-86Fb) (Fig. 2b) . Antibody stainings were performed to confirm the specific expression of integrase in the posterior pole cells of lines transgenic for C31 integrase ( Fig. 2d and data not shown).
All resulting eight lines were then injected with pUAS-lacZattB and the frequencies of integration were scored ( Table 1 ). The F trans values ranged from 32% to 43% in set-up I and from 16% to 55% in set-up II.
A number of observations were made in these experiments. (i) The vasa-driven integrase transgenes were generally more efficient in mediating germ line transformation than the nanos constructs.
(ii) Although the addition of the NLS did somewhat increase the efficiency of nanos-C31, it had an adverse effect on the activity of the vasa-C31 integrase. (iii) Set-up II led to higher integration The pUASTattB plasmid contains a 285-bp attB fragment, the white ϩ selectable marker, a UAS-MCS-SV40 cassette, and a single loxP site. The C31 integrase mediates recombination between attB and attP sites, resulting in the integration of pUASTattB into the landing site, thereby creating the two hybrid sites attL and attR, which are refractory to the C31 integrase. The final configuration at the landing site is directed by the orientation of the attB and attP elements. The loxP sites allow elimination of intervening sequences before or after integration of pUASTattB (indicated with flat arrowheads). In all of the injection experiments where we used the pUASTattB vector, it contained a lacZ reporter (not indicated). (The parallel diagonal lines indicate the presence of the plasmid backbone.) RFP, red fluorescence protein; UAS, upstream activating sequence; MCS, multiple cloning site.
rates than set-up I. (iv) The concentration of the injected plasmid did not critically affect the transgenic frequency (215 versus 800 ng/l; Table 1 ). In summary, the above-described observations favor the vasa-C31 construct for achieving highest transgenic frequencies.
To create an integrase source that could be quickly removed from a transgenic line, we inserted the vasa-C31 construct into each of our four candidate attP sites on the X chromosome (Fig. 1b). The resulting lines were then tested by comparing their efficiency in catalyzing an insertion reaction at the attP site of ZH-attP-86Fb. The F trans values varied between 29% and 50% ( Table 2 ; these values were derived from injections into embryos heterozygous for the attP landing site and hemizygous for the vasa-C31 construct and therefore probably underestimate those expected from stocks homozygous for the attP site). These results indicate that vas-C31-zh2A performs best.
We recently also generated a C31 integrase construct in which the coding region was adapted to the D. melanogaster codon usage. This codon-optimized transgene, dC31, differs in 172 nucleotides from the phage C31 integrase ORF and further increased transformation rates (69% for G 0 male outcrosses in a situation equivalent to set-up II; see above). This construct will be introduced into ZH-attP-2A to generate an X-linked vas-dC31 line. The lines injected were homozygous for both an attP site and a C31 integrase construct. G0 adults (male and females) obtained after injection were individually crossed with y w animals and progeny were screened for white ϩ expression. Line designations indicate the origin of the integrase constructs and the free attP site (e.g., nos--zh86Fb/attP-zh102D:nos-C31 construct is located in the attP site of line ZH-attP-86Fb, and the free attP site is derived from line ZH-attP-102D). Because single G0 females generally exhibited a low fertility and transgenesis rate compared with males, in all subsequent transformation experiments two injected females were used for one y w outcross. However, although we still tested females for transgenic frequencies, we present in the Tables 2 and  3 only the transgenic values obtained from G0 males. The percentages indicate the fraction of all the fertile G0 adults that gave white ϩ offspring.
fibroblasts stably transfected with C31 integrase exhibit chromosomal aberrations (24) . To investigate whether such C31 integrase-mediated effects occur in Drosophila, we examined two lines, nos-NLS -zh86Fb/attP-zh102D and attP-zh86Fb/vas--zh102D; they were chosen because they represent the most efficient combinations of an autosomal nanos or vasa-driven integrase and a free attP site with respect to integration frequency (see Table 1 ). The concomitant presence of a free attP site in these lines not only resembles what one might use in practice, but might also increase the potential incidence of a chromosomal rearrangement. From each of the two lines, 10 randomly selected males were crossed with y w females, and the resulting larvae were subjected to a chromosomal analysis. For each cross, the salivary glands of six to eight F 1 larvae were dissected and their polytene chromosomes were analyzed. In none of the 136 examined preparations did we observe any abnormal chromosomal configurations (SI Fig. 4 c and d) . As a control we used a chromosomal deletion (of Ϸ500 kb) and various inversions that were readily detected in each case (SI Fig. 4 a and b) . The two tested lines had been propagated for more than 7 months before this analysis. Together, these results indicate that, at least for the euchromatic portion of the genome, the mutagenic effects of the C31 integrase are not a serious concern in Drosophila.
Accessibility, Transgene Expression, and Position Effects of Various
attP Lines. We next characterized 16 of the 25 candidate attP lines with respect to their integration frequencies and expression behavior. Unlike the set-ups shown in Table 1 , where stocks were generated that are doubly homozygous for an attP site and an integrase construct, we directly crossed males homozygous or hemizygous for the attP site with females homozygous for the vasa-C31 integrase located at 102D on the fourth chromosome. The resulting doubly heterozygous embryos were injected with pUAS-lacZattB. The transgenic frequencies ranged from 28% (ZH-attP-86Fa) to 60% (ZH-attP-51D) ( Table 3 ). These numbers likely underestimate the F trans values expected for doubly homozygous set-ups. This can be concluded from line ZH-attP-86Fb, where the F trans values were determined for both heterozygotes (43% for G 0 male outcrosses; see Table 3 ) and homozygotes (61% for G 0 male outcrosses).
The transgenic lacZ flies from these injection experiments were then crossed to apterous (ap)-and omb-Gal4 driver lines. To detect ␤-galactosidase activity, third instar imaginal discs were subjected to X-Gal staining (SI Fig. 5 ). The observed wing disk patterns recapitulate the expression patterns expected from the drivers used. In none of the cases did we observe repression or ectopic expression of lacZ, indicating that they are not strongly influenced by nearby enhancers or repressors.
Unspecific Integrations Are Rare Events. To estimate the extent of integrations occurring specifically at the provided attP site versus integrations occurring elsewhere in the genome, we relied on two assays. First, one of the 16 attP lines injected with pUAS-lacZattB carries the landing site on the X chromosome, namely ZHattP-2A (Table 3) . Because in these injections we always provided the attP chromosome through the males, the injected male G 0 animals should not have a free attP site and therefore should not give rise to transgenic offspring, unless the integration occurred nonspecifically. None of the G 0 males from the ZH-attP-2A yielded transgenic offspring (n ϭ 77 fertile crosses), whereas G 0 females did (Table 3 and data not shown), emphasizing a high degree of specificity. Second, we injected the pUAS-lacZattB plasmid at high concentration (800 ng/l) into embryos that were homozygous for vas-C31 on the fourth chromosome (102F) but were otherwise not equipped with a free attP landing site. Of the 53 fertile G 0 outcrosses, only one gave transgenic progeny (two animals), which is an Ϸ27 times lower frequency than seen in the presence of an attP site at position 86F (Table 1) . Subsequent inverse PCR on this transgenic line revealed an integration event at 2L 37F, into a site that shows no obvious homology to the 39-bp core attP sequence (25) . The integration was accompanied by a microdeletion of 11 base pairs at the target site and both a 2-bp deletion and a single nucleotide exchange in the attB part of the hybrid attL site close to the crossover site. Taking these results together, it appears that unspecific integrations are rare events.
A ''Split-white'' Reconstitution System as an Immediate Readout for Specific attP Targeting. Although our analyses revealed a high degree of specificity with respect to attP targeting, an immediate readout confirming a specific integration event would nevertheless Injected embryos were hemizygous for the vas-C31 integrase and heterozygous for the attP site at 3R 86F (derived from ZH-attP-86Fb), where the integrase was provided through the parental females, and the attP site through the parental males. The numbers for the line vas--zh2A are based on two injection experiments. The given transgenic frequencies are solely derived from the offspring of G0 males. X-linked integrase lines offer the advantage that the integrase can readily be eliminated by using only G0 males for the first outcross and then selecting white ϩ F1 males: these are always devoid of the integrase transgene. Females homozygous for the vas-C31 construct, located at 102D on the fourth chromosome, were crossed to males homozygous (or hemizygous) for an indicated attP site, and the offspring were injected with pUAS-lacZattB (215 ng/l). Because line ZH-attP-2A has the attP site on the X chromosome, G0 males are devoid of an attP site and therefore are not expected to give rise to transgenic offspring. *Eye colors were determined 3 days after eclosion (heterozygous state). All flies transgenic for the injected plasmid reveal a reddish punctate color at the inner side of each of the three ocelli; this additional phenotype served as a convenient confirmation for transgenic flies in the cases of light orange eye color. † Landing site ZH-attP-30A, though homozygous viable on its own, turned out to be homozygous lethal upon integration of UAS-lacZattB. be convenient. In particular for structure/function analyses, which involve the comparison of subtly differing transgenes, an identical integration site is essential. When analyzing a large number of transgenes it would be convenient to eliminate PCR confirmation of each one. To establish such a system, a large part of the white gene (exons 3-6) was placed into the landing site. The remaining part (promoter and exons 1-2) is provided by the transformation vector pw P-Ex2 UASTattB. Only if the incoming attB plasmid integrates into the donor attP site, located in the white intron between exons 2 and 3, will a functional white gene be reconstituted and result in the functional expression of white, indicating precise attP targeting. Instead of generating a new collection of specific split-white attP landing sites, we devised a strategy to permit the transformation of our existing attP sites into split-white attP sites. Line ZH-attP-86Fb was used to establish a proof-of-principle for this approach. First, the 3xP3-RFP cassette was eliminated by Cre-mediated excision, leaving one loxP site and the attP docking site at the genomic locus (Fig. 3a) . We then introduced the split-white landing site construct into the attP site by C31 integrase-mediated integration, remarking the site with the 3xP3-RFP and providing a new attP site for subsequent C31-mediated integration (Fig. 3b) . Because the split-white landing site construct contains both an attP site and an attB site, intermolecular recombination between plasmids can occur, leading to the integration of more than one construct. Thus, transgenic lines resulting from this procedure were tested by PCR and sequencing (data not shown), and lines containing only a single split-white landing site construct were established. In addition to serving as an indicator for specificity, this split-white system reduces the size of the marker transgene and hence of the transformation vector, a property that should facilitate its handling and further increase the frequency of transgenesis.
Discussion
The use of transgenes is essential for understanding the function of genes, their products, and their regulatory elements. The C31 system described here should strongly facilitate such studies and should allow for the embarking of projects that until now have not been feasible with the available techniques. Below, we discuss how our strategy has advanced the recently described use of C31 integrase in Drosophila (12) .
We describe here the generation of a large collection of precisely mapped attP landing sites. These offer great flexibility regarding the choice of integration sites and the expression levels of transgenes. Predetermined integration sites effectively eliminate the time and effort needed to map transgene insertions, in contrast to those obtained by traditional transposon-mediated germ-line transformation. Defined attP sites allow precise in vivo structure/function analyses, as we have shown here in testing modified integrase constructs. Other advantages of using defined and precharacterized attP sites are that fewer lines for any given transgene will need to be generated, analyzed, and maintained. The need for long-term storage can be avoided altogether because the transgenic lines can be exactly reproduced as long as the original attP line(s) and constructs are available. The vast size of our landing site collection will also facilitate the simultaneous use of multiple transgenes, an increasing need in sophisticated fly genetics. The design of our landing site, intentionally lacking commonly used markers and withstanding commonly used transposases, offers further flexibility in this respect.
A significant improvement of our approach is the establishment of germ-line-specific C31 integrases. The presence of an ''endogenous'' source of a transformation-mediating enzyme distinguishes this system from most other commonly used germ-line transformation methods for Drosophila. The use of a transgenic source of C31 integrase eliminates the time and costs required for mRNA production and significantly reduces the complications associated with the injection process, such as the variability in efficiency caused by the quality and stability of the capped C31 integrase mRNA. Importantly, our transgenic integrase sources also considerably enhance the integration rates.
Another attractive feature of our system is its amenability to additional modifications. These may include the design of the attP/B is introduced by C31-mediated integration. To prevent intramolecular recombination between the two attachment sites, a shortened attP element of 54 bp was used and cloned immediately next to the attB element, which was trimmed at the 5Ј region. (c) Germ-line transformation with the split-white vector pw P-Ex2 UASTattB via C31-mediated integration. Correct attP targeting establishes the white transcriptional unit, allowing expression of a functional white gene.
